
Subscriber access provided by UNIV OF COLORADO

Industrial & Engineering Chemistry Research is published by the American
Chemical Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Article

Adsorbate-Induced Expansion of Silicalite-1 Crystals
Stephanie G. Sorenson, Joseph R. Smyth, Milan Kocirik,
Arlette Zikanova, Richard D. Noble, and John L. Falconer

Ind. Eng. Chem. Res., 2008, 47 (23), 9611-9616• DOI: 10.1021/ie800630g • Publication Date (Web): 28 October 2008

Downloaded from http://pubs.acs.org on February 26, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ie800630g


Adsorbate-Induced Expansion of Silicalite-1 Crystals

Stephanie G. Sorenson,† Joseph R. Smyth,‡ Milan Kocirik,§ Arlette Zikanova,§ Richard D. Noble,†

and John L. Falconer*,†

Department of Chemical and Biological Engineering and Department of Geological Sciences, UniVersity of
Colorado, Boulder, Colorado 80309, and J. HeyroVsky Institute of Physical Chemistry, Academy of Sciences of
the Czech Republic, DolejskoVa 3, 182 23 Praha 8, Czech Republic

Optical microscopy and XRD measurements show that silicalite-1 crystals expand when C4-C8 alkanes and
i-butane adsorb in the MFI structure at room temperature. The c-direction linear expansion was 0.20-0.45%,
and was measured with XRD and optical microscopy for 200 µm crystals. n-Pentane, n-hexane, and n-heptane
had the maximum linear expansion of approximately 0.54% in the b-direction, and n-hexane and n-heptane
had the maximum volume expansion of 1.2%. In contrast, benzene did not cause a significant change in the
unit cell volume. The a-direction expanded least for the molecules studied except i-butane. n-Hexane expanded
the silicalite-1 crystal more at 180 K than at room temperature. Crystal expansion due to n-alkane adsorption
decreased the size of defects in a polycrystalline MFI membrane, and changes in the fluxes of i-octane through
defects were measured by transient permeation. Loadings as low as 0.5 molecule/unit cell decreased the flux
through defects at 358-473 K, but benzene had no effect. Higher loadings increased crystal expansion and
decreased the defect size more. Crystal expansion was reversible.

Introduction

Zeolite membranes have uniform pore sizes, chemical and
thermal stability, and the ability to perform difficult separations.
Because MFI zeolite membranes have pores that are similar in
size to small organic molecules, they have been studied more
than other types of structures. The MFI structure has straight
and sinusoidal channels with dimensions of 0.53 nm × 0.56
nm and 0.51 nm × 0.55 nm respectively, as determined by
XRD.1 However, the pores are large enough to absorb molecules
with kinetic diameters of at least 0.6 nm.2 Polycrystalline MFI
membranes, such as silicalite-1 and the analogous BZSM-5,3

can separate hydrocarbon isomers, such as n-hexane and 2,2-
dimethylbutane (DMB), but defects (grain boundaries or non-
zeolitic pores) between the crystals limit selectivity.

Studies reported n-hexane/DMB separations selectivities
greater than 5004-9 that were attributed to preferential adsorption
of n-hexane6-8 and size exclusion.6,7,9 Recent studies, however,
indicated that adsorption of n-hexane and n-octane decreased
the defect sizes in MFI membranes,10-13 and thus their se-
paration selectivity was higher than their ideal selectivity. The
decrease was attributed to MFI crystal expansion, so a mem-
brane that initially had significant flow through defects could
separate difficult-to-separate mixtures such as organic isomers.

Yu et al. found that low concentrations of n-hexane in a liquid
mixture with DMB shrank the defect pores sufficiently to
decrease the DMB flux by almost 2 orders of magnitude during
pervaporation.10 The DMB only diffused through defects at the
conditions used. Thus, the n-hexane/DMB separation selectivity
during pervaporation was 900 times the ideal selectivity.10

Similarly, for a membrane in which most of the benzene flux
was through defects, the benzene flux decreased to 2% of its
single-component value when 1.4% n-hexane was added to
benzene.11

Temperature-programmed desorption showed that adsorption
decreased the nonzeolite pore volume in a MFI membrane.12

When n-hexane adsorbed in the MFI structure, the amount of
DMB adsorbed in the defects was less than half the amount
adsorbed in the absence of n-hexane. A decrease was seen for
loadings greater than three n-hexane or n-octane molecules per
unit cell (molec/u.c.). In contrast, benzene had little effect on
the defect volume. Permporosimetry measurements demon-
strated that n-pentane, n-butane, propane, and SF6 also decreased
the flux through defects in MFI membranes.12 These changes
in pore volume and fluxes were attributed to MFI crystal ex-
pansion, but direct measurements of crystal expansion were not
made.

Studies using XRD have shown that zeolite crystals deform
due to changes in pressure,14 temperature,15-20 and adsorp-
tion.2,21-32 The volume of silicalite-1 and ZSM-5 crystals
decreased as the temperature increased;15-18 the percent volume
decrease ranged from 0.47% (from 300 to 1040 K)17 to 2.2%
(from room temperature to 567 K).16 Water adsorption at room
temperature shrank the MFI unit cell volume by 0.25%,19

whereas benzene expanded MFI crystals by 0.26 vol % at room
temperature.29 n-Hexane expanded MFI crystals by 2.2 vol %
at 180 K.28,30 Boulicaut et al. proposed, based on adsorption
and diffusion studies, that high loadings of n-hexane expanded
the unit cell of silicalite-1.33 Mentzen et al. reported that unit
cell dimensions depended on p-xylene loading. At 2 molec./
u.c. the volume decreased by 0.02%, while at 4 and 8 p-xylene
molec/u.c. the volume expanded 0.03 and 0.39%, respectively.25

In the current study, XRD and optical microscopy were used
to measure the changes in size and unit cell parameters of large
silicalite-1 crystals for benzene, i-butane, and C4 to C8 alkane
adsorption at room temperature. These measurements demon-
strate that adsorption could cause defect sizes to decrease in
MFI membranes by expanding silicalite-1 crystals. Optical
microscopy could be used as a quick screening method, but it
only had sensitivity to measure changes for crystal dimensions
of approximately 200 µm or larger. The changes in crystal sizes
were compared to transient measurements of fluxes of a large
molecule through defects in MFI membranes at room temper-
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ature. Transient measurements could be more readily carried
out at high temperatures than XRD or optical microscopy.
Measurements were made at 473 K, which is higher than
temperatures used previously to show that fluxes through defects
decreased, and these measurements were more easily made for
low loading of adsorbates than XRD or optical microscopy
measurements.

Experimental Methods

Silicalite-1 Crystals. Large silicalite-1 crystals were synthe-
sized by the method of Kornatowski34 with crystal dimensions
of La (length of a-direction) ≈ Lb ≈ 45 µm and Lc ≈ 200
µm.35,36 References 35 and 36 describe the properties of large
silicalite-1 crystals and reveal the grain boundaries in twinned
silicalite-1 crystals and polycrystalline layers. Selected-area
electron diffraction patterns showed that the crystals were
twinned on the 110 plane, resulting in the four lateral faces being
100.37 Figure 1 shows the crystal unit cell directions. X-ray
powder diffraction showed the uncalcined silicalite-1 to be
orthorhombic, with the Pnma space group and the unit cell of
a ) 2.00801(2) nm, b ) 1.99239(2) nm, and c ) 1.34167(1)
nm.37

X-ray Diffraction. Individual crystals were wedged into glass
capillaries to secure them for XRD measurements. The glass
capillary was ∼1.3 mm in diameter and necked down to 80
µm. This allowed liquid to remain in the capillary during XRD
analysis without touching the crystal. The crystals were calcined
at 723 K for 6 h with a heating rate of 36 K/h and a cooling
rate of 54 K/h. Immediately after cooling, an excess of the
molecule of interest was added to the capillary so that liquid
remained in the capillary after the crystal was saturated. One
end of the capillary was sealed with wax, while the tapered
end remained open to the atmosphere. The capillary was placed
on a goniometer and the orientation matrix was determined using
a Bruker APEX II charge coupled device detector on a Bruker
P4 diffractometer on a Mo rotating-anode X-ray source operated
at 50 kv and 250 mA and an exposure time of 10 s per image.

The goniometer was then transferred to a Bruker P4 diffrac-
tometer with a point detector for high-precision, cell parameter
measurement. The orientation matrix determined from the CCD
was used for initial orientation. For each crystal approximately
18 to 24 reflections were centered in both positive and negative
two-θ. The four diffractometer angles were refined for each
reflection and the unit cell parameters refined from the centered
angles. The three crystals used for XRD analysis were calcined
between runs.

Optical Microscopy. Single crystals were placed on glass
microscope slides and calcined at 723 K for 8 h. The slide was
placed on a Nikon inverted optical microscope, and the image
focused using a 40× lens. After an image was taken at room

temperature, drops of a hydrocarbon were placed on the slide
near the crystal without touching or moving the crystal. Another
crystal image was taken after exposure. The exposure time
depended on the chemical used.

Crystal lengths were measured by stretching the image from
black to white so that the darkest area of the image was set to
black and the lightest area was set to white. This resulted in a
light edge and dark edge due to lighting and microscope focus.
The image was then zoomed to 1600×, and the crystal length
measured from the darkest pixel of the crystal to the lightest
with a detection limit of 0.01 µm. Figure 1 shows a negative
image of a crystal before adsorption (Figure 1a) and a positive
image of a crystal after n-hexane adsorption (Figure 1b). The
two images were superimposed (Figure 1c), and an enlarged
view of the edge is shown in Figure 1d,e. The thin, black (1d)
and white areas (1e) had a total width of approximately 0.8 µm
due to crystal expansion. No optical distortion due to chemicals
was found when tested with gold foil. Because of the microscope
resolution, only changes in the c-direction, the largest dimension
of the crystal, could be measured.

MFI Membrane. The MFI membrane was synthesized by
in situ crystallization onto the inside of a tubular R-alumina
support (0.2-µm pores, Pall Corp.). Two ends of the support
were sealed with a glazing compound (IN1001, Duncan). The
glaze was fired at 1170 K for 30 min with heating and cooling
rates of 1.2 K/min. The permeate area was approximately 5.1
cm2. Before synthesis, the support was boiled in deionized (DI)
water twice, each for 30 min, and dried at 373 K under vacuum
for 30 min. The synthesis gel had a molar composition of 4.44
TPAOH:19.5 SiO2:1.55 B(OH)3:500 H2O.38 One end of the
support tube was wrapped with Teflon tape and plugged with a
Teflon cap, and the inside of the support was filled with ∼2
mL of synthesis gel. The other end was then plugged with a
Teflon cap and left overnight at room temperature. The porous
support soaked up almost all the synthesis gel. The tube was
again filled with gel, plugged with a Teflon cap, and put into
an autoclave at 458 K for 24 h. The membrane was then brushed
to remove loose crystals, washed with DI water, and dried. A
second and third synthesis was carried out using the same
procedure, but the tube was not soaked with the gel overnight,
and the membrane’s vertical orientation in the autoclave was
switched. The resulting membrane was calcined at 700 K for
8 h with heating and cooling rates of 0.6 and 0.9 K/min.

Permporosimetry. Permporosimetry was used to determine
the fraction of helium flow through defects.11,12 A hydrocarbon
(benzene or n-hexane) was added to a helium stream that flowed
through two liquid bubblers in series at 292 K, and this stream
was mixed with a second helium stream. The flow rates of the
helium streams were changed with mass flow controllers to
obtain desired hydrocarbon activities. The pressure difference
across the membrane was 96 kPa, and the permeate pressure
was 84 kPa. The permeate flux of helium was measured with a
bubble flow meter and a mass flow meter as a function of
hydrocarbon activity. An activated carbon trap removed the
hydrocarbon from the permeate stream so that only helium flow
was measured. The hydrocarbon adsorbed in the MFI structure
and blocked helium flow through those pores at high loadings
so that the remaining helium flow was through defects.

Transient Permeation. Transient permeation was carried out
in a Wicke-Kallenbach system.39 Mass flow controllers con-
trolled the feed and sweep flow rates, which were 100 cm3 (STP)
min-1. All hydrocarbons were g99.0% pure and ultra high
purity helium (>99.99%) was used. Syringe pumps were used

Figure 1. Inverted microscope images: (a) negative image of a MFI crystal
before adsorption, (b) positive image after n-C6 adsorption; (c) superimposed
images; (d, e) enlargements showing crystal growth (white area in panel d
and black area in panel e).
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to feed the hydrocarbon liquids. The n-hexane, n-octane, and
benzene loadings were calculated using literature isotherms.40-42

Initially, an i-octane/helium stream (feed A) flowed through
the membrane and a hydrocarbon/i-octane/helium stream (feed
B) flowed to the vent. Feed B had the same concentration of
i-octane as feed A, and feed B had a lower concentration of
helium due to the presence of the hydrocarbon. After steady
state was obtained, a switching valve directed feed B to the
membrane and feed A to the vent, and the transient responses
of the i-octane and the hydrocarbon were measured with a
Pfeiffer Prisma mass spectrometer. A computer allowed detec-
tion of multiple mass peaks. i-Octane is too large to adsorb in
the MFI structure at these conditions so it only flows through
defects,43 and thus the switch to steam B measured the change
in the i-octane flux through defects due to hydrocarbon ad-
sorption. This system was also used to measure hydrocarbon
fluxes by feeding a hydrocarbon/helium stream at steady state.
A helium stream with a known concentration of hydrocarbon
was fed to the mass spectrometer to calibrate it.

Before each transient experiment, the membrane was heated
to 473 K overnight to remove adsorbed species. A stainless steel
membrane module used Viton o-rings to seal the membrane,
and the feed entered the inside of the tube. The helium sweep
carried the permeate flow past a capillary that diverted a small
portion of the flow to the mass spectrometer. The mass spec-
trometer data is presented as a moving average of approximately
2 s. Heating tapes maintained the module at constant temper-
ature. Heating tapes around the syringe pump, feed, permeate,
and retentate lines prevented hydrocarbon condensation.

Results and Discussion

Membrane Characterization. As shown in Figure 2, during
permporosimetry the helium flow through the membrane at room
temperature decreased as the benzene activity increased. At a
benzene activity of 1, 65% of the helium flow through the
membrane at room temperature was not blocked by benzene.
This means that 65% of the helium flow is through defects at
room temperature. When n-hexane was used for permporosim-

etry instead of benzene, the results were dramatically different.
Only 0.25% of the helium flux was not blocked by n-hexane at
a loading of 2.7 n-hexane molec/u.c. Similar behavior was
reported previously.11,12 Those studies concluded that benzene
does not significantly swell MFI crystals, and thus it only
blocked helium flow through the MFI structure. However,
n-hexane decreased the helium flow by almost 3 orders of
magnitude. The similar behavior for the membrane in the current
study indicates that the defects probably have a similar size, so
that crystal expansion when n-hexane adsorbed almost sealed
the defects.

The n-hexane/DMB ideal selectivity for this membrane was
6 at 300 K for a 50/50 feed at 3.2 kPa. Since the membrane has
such a large fraction of its flow through defects, and DMB is
only diffusing through defects,44 the selectivity is not expected
to be high. The separation selectivity would be expected to be
much higher because the defects would be much smaller in the
presence of n-hexane, so the DMB flux would be much lower,
but the n-hexane permeance would be similar.

Optical Microscopy. The size of uncalcined MFI crystals
did not change (detection limit ) 0.01 µm) when they were
exposed to n-hexane, n-octane, or benzene under the microscope.
After template removal by calcination at 723 K, the length of
the crystal in the c-direction decreased by 0.51% ( 0.17. The
error was larger when comparing uncalcined and calcined
crystals than for changes due to adsorption because the

Figure 2. Logarithmic plot of helium flux at room temperature as a function
of benzene and n-hexane activity during permporosimetry. The insert is
linear plot of helium flux as a function of benzene activity.

Table 1. Uncalcined MFI Zeolite Unit Cell Parameters from XRD
Measurements at Room Temperature

other studies
current
study

powder37 powder47
single

crystal47
single

crystal46
single
crystal

a (nm) 2.00801 (2) 2.0117 (5) 2.0044 (2) 2.007 (1) 2.0058 (1)
b (nm) 1.99239 (2) 1.9874 (5) 1.9918 (4) 1.992 (1) 1.9924 (1)
c (nm) 1.34167 (1) 1.3371 (4) 1.3395 (2) 1.342 (1) 1.3383 (1)
vol (nm3) 5.3678 (4) 5.346 (2) 5.348 (1) 5.365 (6) 5.3483 (6)

Figure 3. Percent expansion of the c-direction of silicalite-1 crystals at
298 K versus the number of carbon atoms in the linear alkane as measured
by microscopy (2) and by XRD (9). The percent volume increase of the
unit cell of silicalite-1 from XRD measurements is compared to the
adsorption capacity of silicalite-1 (O) from literature data.48

Table 2. Change in Silicalite-1/Alkane (At Saturation Loading)
Crystal Unit Cell Parameters Measured by XRD as Compared to
Unit Cell Dimensions of Silicalite-1 Crystal before Adsorption at
Room Temperature

change in unit
cell parameter n-pentane n-hexane n-heptane n-octane i-butane benzene

a (pm) 1.1 5.0 6.2 -0.4 4.2 -1.3
b (pm) 11.2 10.7 10.7 4.3 1.0 0.9
c (pm) 5.3 5.5 4.6 4.6 2.2 0.4
vol (nm3) 0.0542 0.0644 0.0636 0.0290 0.0226 0.0002
% vol 1.00 1.19 1.18 0.54 0.42 0.00

Table 3. X-ray Diffraction Data for Silicalite-1 Saturated with
n-Hexane at 180 K

Morell et al.28 current study

no
adsorbate

n-
hexane

%
change

no
adsorbate

n-
hexane

%
change

a (nm) 1.9796 1.9932 0.68 2.0018 2.0035 0.08
b (nm) 2.0037 2.0173 0.67 1.9884 2.0008 0.62
c (nm) 1.3324 1.3419 0.71 1.3323 1.3410 0.65
vol (nm3) 5.2761 5.3953 2.21 5.3032 5.3756 1.35
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microscope lighting changed when the crystal was removed from
the microscope, calcined in the oven, and then returned to the
microscope.

Upon exposure to n-alkanes, crystal expansion in the c-
direction was detected by the optical microscope. As shown in
Figure 3, the c-direction expansion was greatest for n-heptane,
(0.43%), but the C4-C8 n-alkanes all caused crystal expansion.
Although the microscope only measures expansion in one
direction and is less sensitive than XRD, it is a quick screening
method for crystal expansion.

X-ray Diffraction. XRD measurements at room temperature
showed that after calcination, the MFI crystal shrank 0.47% in
the c-direction and 0.70% in volume. Bhange et al. reported
c-direction shrinkage of 0.37% and a volume reduction of 1.0%
after template removal from silicalite-1 by heating to 720 K.45

Unit cell parameters from room temperature XRD on calcined
silicalite-1 were similar to those reported by others for single
crystal and powder XRD (Table 1).37,46,47 The unit cell increased

approximately 1.1 vol % following n-pentane, n-hexane, and
n-heptane adsorption at room temperature, and the largest
expansion was in the b-direction for these molecules (Table 2).
The unit cell parameters for a crystal before adsorption and the
silicalite-1/n-hexane crystal are the average of three XRD
measurements; the crystal was calcined and then re-exposed to
the hydrocarbon for each XRD measurement. Two measure-
ments were made for n-octane and benzene, and one for
n-pentane and n-heptane. For C5-C8 n-alkanes, the c-direction
expansion was approximately 0.37%. The b-direction expansion
(∼0.54%) was also similar for C5-C7 n-alkanes, but was only
0.22% for n-octane. Figure 3 shows that the percent expansion
in the c-direction for XRD and microscopy are the same within
experimental error. The percent increase in unit cell volume
from XRD, also shown in Figure 3, has the same dependence
on n-alkane carbon number as the adsorption capacity (carbon
atoms per unit cell) reported by De Meyer et al.48 This
correlation may be coincidence, and measurements with larger
alkanes would be necessary to determine if they are related. As
shown in Table 2, i-butane increased the unit cell dimension in
all three directions, and the volume increased by 0.42%. Thus,
both branched and linear alkanes increase the unit cell of MFI
crystals. The crystals remained twinned and orthorhombic before
and after adsorption.

Unit cell parameters were also measured at 180 K following
n-hexane adsorption so that a comparison could be made to
literature values. The silicalite-1 crystal expanded 1.35 vol %
when n-hexane adsorbed at 180 K (Table 3), whereas Morell
et al. reported a 2.2 vol % expansion for silicalite-1.30 The
crystal before adsorption was 1.0 vol % larger at room
temperature than at 180 K, but the silicalite-1/n-hexane crystal
was only 0.67 vol % larger at room temperature than at 180 K.

Transient Permeation. i-Octane transported exclusively
through membrane defects because it was too large to adsorb
in MFI structure.43 Thus, the change in i-octane flux after adding
a second molecule to the feed indicates how the defect size
changes following adsorption in the MFI structure. At a coverage
of 0.12 molec/u.c., benzene did not significantly change the
i-octane flux at 473 K, as seen in Figure 4. A n-hexane loading
of 1.1 molec/u.c. decreased the i-octane flux by 25%, and an
n-octane loading of 2.3 molec/u.c. decreased the i-octane flux
by 93%. Figure 5 shows that as the n-hexane loading increased
at 473 K, the percent decrease in i-octane flux increased. As
seen in Figure 6, the i-octane flux decreased as the n-hexane
loading increased at a given temperature. For the same n-hexane
loading, the i-octane flux decreased more at lower temperature
(Figure 6).

Figure 4. i-Octane flux versus time for a MFI membrane at 473 K when
benzene (0.12 molec/u.c.), n-hexane (1.1 molec/u.c.), and n-octane (2.3
molec/u.c.) were added to the feed in separate experiments.

Figure 5. i-Octane flux versus time for a MFI membrane at 473 K for
three loadings of n-hexane added to the feed in separate experiments.

Figure 6. The percent decrease in i-octane flux through a MFI membrane
as a function of the n-hexane loading at three temperatures.

Figure 7. i-Octane and n-hexane fluxes as a function of time at three
temperatures. At time zero, the feed was switched from an i-octane/helium
mixture to an i-octane/n-hexane/helium mixture. The fluxes were multiplied
by the indicated factors for clarity.
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The MFI unit cell volume increases from 298 to 570 K,18

so the defects should be smaller at higher temperature. However,
the i-octane flux is higher at higher temperature, indicating that
the diffusivity increased enough to compensate. The smaller
effect of a given n-hexane loading at higher temperature (Figure
6) may result because n-hexane causes less expansion of the
MFI crystal at higher temperature. Although XRD and micros-
copy measurements were not made above room temperature,
the crystals expanded less at room temperature than at 180 K.

The i-octane flux reached steady-state within 5 min of adding
1.1 molec/u.c. of n-hexane at 473 K (Figure 7). As the tem-
perature decreased at equal loading, the time to steady-state
increased from approximately 5 min at 473 K to 80 min at 398
K and then to 260 min at 358 K. The i-octane flux decreased in
a mirror image of the increase in n-hexane flux. The slower
adsorption of n-hexane at lower temperature seems to decrease
the rate of crystal expansion. The i-octane flux recovered fully
after the flow was switched to pure i-octane.

Conclusions

Microscopy and XRD measurements showed that C4-C8

n-alkane and i-butane adsorption at saturation loading increased
the size of silicalite-1 crystals at room temperature, and n-hexane
and n-heptane caused the largest increase. A saturation loading
of benzene did not significantly change the size of silicalite-1
crystals. Transient permeation measurements showed that crystal
expansion by n-C6 and n-C8 adsorption decreased the defect
pore size in MFI membranes at 358 to 473 K, even at loadings
as low as 0.42-0.50 molec/u.c. The defect sizes decreased less
at higher temperatures for the same n-alkane loading.
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